Many signal-transduction processes in higher plant cells have been suggested to be triggered by signalinduced opening of Ca21 channels in' the plasma membrane. Elucidation of the molecular mechanisms responsible for stimulus-dependent activation of Ca2l fluxes is central to understanding the initial events in signal transduction in higher plant cells (1). Control of stomatal pore movements by the physiological growth regulator abscisic acid (ABA) provides an opportune system for the investigation of mechanisms underlying Ca2"-dependent signal transduction (2-6).
channels. Detailed voltage-clamp measurements revealed that ABA-activated ion currents could be reversed by depolarizations more positive than -10 mV. Interestingly, reversal potentials of ABA-induced currents show that these currents are not highly Ca2+-selective, thereby permitting permeation of both Ca2 and K+. These results provide direct evidence for ABA activation of Ca2+-permeable ion channels in the plasma membrane of guard cells. ABA-activated ion channels allow repetitive elevations in the cytosolic Ca2+ concentration, which, in turn, can modulate cellular responses promoting stomatal closure.
Elucidation of the molecular mechanisms responsible for stimulus-dependent activation of Ca2l fluxes is central to understanding the initial events in signal transduction in higher plant cells (1) . Control of stomatal pore movements by the physiological growth regulator abscisic acid (ABA) provides an opportune system for the investigation of mechanisms underlying Ca2"-dependent signal transduction (2) (3) (4) (5) (6) .
Stomatal pores permit diffusion of CO2 into leaves for photosynthetic carbon fixation and the transpiration of water vapor to the atmosphere. This exchange of gases is regulated by movements of guard cell pairs that surround each stomatal pore. When water stress develops, the plant growth regulator ABA triggers stomatal closing synergistically with Ca2+ (2, 3) . Recent detailed investigations of several plant species have shown that stomatal closing in response to ABA follows a nonuniform behavior such that stomatal pores in distinct small patches of the leaf surface area-close in response to ABA, whereas stomata in other small areas of the leaf epidermis remain open (7) (8) (9) (10) (11) . This nonuniform ABA response has been suggested to play a key role in ABAdependent regulation of carbon fixation (7) (8) (9) (10) (11) .
Stomatal movements are mediated by changes in the ion content of guard cells, which depend on large ion fluxes across guard-cell membranes (5, 6) . Stomatal opening requires organic-anion synthesis and K+ uptake (5) . Inwardconducting Ca2l-regulated K+ channels represent a major pathway for K+ uptake (4, 12) . Stomatal closing is produced by release of K+ and anions from guard cells (13, 14) . ABA-mediated closing of stomata proceeds in a Ca2+-dependent manner (2, 3) . The modulation of voltagedependent anion channels (4, 15) by cytosolic Ca2+ (4) and the resulting activation of outward-conducting K+ channels (12) (17) .
Patch Clamp and Solutions. The tight-seal whole-cell configuration of the patch-clamp technique (18) was applied to isolated guard-cell protoplasts as described (12, 17 (12) . The fluorescence-emission signals from the two excitation wavelengths (19) were tracked by electronic demodulation based on sample-and-hold circuitry. Time [Ca211]Yt Measuring Procedure. A patch-clamp pipette containing 100 ,uM of the highly sensitive Ca2+ indicator dye fura-2 was sealed to the plasma membrane of a guard cell (cell-attached recording mode; ref. 18) . After formation of a cell-attached seal, the background fluorescence and autofluorescence of the cell at both excitation wavelengths (<5% of fura-2 signal) were subtracted electronically. Subsequently direct access was gained from the patch-pipette solution to the cytosol by establishing the whole-cell recording mode. This enabled fura-2 to diffuse into the cytosol of guard cells leading to fluorescence signals at both excitation wavelengths, which reached plateau levels after several minutes ( Fig. 1 A and B) . No further increases in fluorescence were observed in the first 15 min after the fluorescence signals reached their plateau levels. These findings indicate that fura-2 was not significantly sequestered further into other intracellular compartments during the experiments (Fig. 1A) . This suggestion could be confirmed by microscopic observation of fura-2 loaded guard cells. (Fig. 3) . With each rise in [Ca2+Jcyt ( Fig. 3 ; lower trace), a concomitant rise in inward ion current across the guard-cell plasma membrane was seen (Fig. 3, upper (Fig. 3) . After depolarization to 0 mV for several minutes, the membrane was repolarized to -54 mV. Upon repolarization to -54 mV immediate continuation of the occurrence of transients in [Ca2+]cyt was observed.
Each transient Ca2+ elevation was accompanied by a transient increase in an inward ion current (Fig. 3 ).
Subsequently the membrane was polarized for periods lasting from 1.5 min to 30 sec to +5 mV, followed by -54 mV, +5 mV, and -54 mV (Fig. 3) . Each (Fig. 3) .
Nonselective Current Activation by ABA. The Ca2+ equilibrium potential with 1 mM Ca2+ in the external medium and <5 ,uM free Ca2+ in the cytosol was more positive than +50 mV. Furthermore, the observation that depolarizations to 0 mV sufficed to terminate [Ca2+]cyt oscillations suggested that ABA-activated ion currents were not highly Ca2+-selective (Fig. 3) . To determine the ion selectivity of ABA-activated currents, guard cells were exposed to ABA for several seconds while holding the membrane at various potentials. When the membrane was held at -43 mV, local application of ABA (0.5 ,uM) led to transient activation of an inward ion current (Fig. 4, bottom trace) . Subsequently, the membrane potential was held at -23 mV for at least 2 min during which no evident current changes were seen before ABA application (data not shown). Thereafter the guard cell was reexposed to ABA, which variably activated an inward-directed current (Fig. 4, -23 mV) . Such activation patterns of ABAinduced currents were occasionally seen. Subsequently, the membrane was held at + 17 mV and -3 mV for at least 2 min before each ABA application, during which no evident current changes were seen. Application of 0.5 ,uM ABA activated an outward current both at -3 mV and +17 mV (Fig.  4) .
To determine reversal potential of ABA-activated currents, peak currents were plotted as a function of the membrane potential (Fig. 5) . ABA-activated currents were inter- +50 mV) and the K+ equilibrium potential (EK+ = -52 mV). Furthermore, the reversal potential of ABA-activated currents was more negative than equilibrium potentials of all other ions in the pipette and bath solutions (See Methods; EfreeMg2+ = -1 mV; Ecl-= +10 mV; EH+ = +61 mV).
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Equilibrium potentials were calculated after corrections for ionic activities (27) .
DISCUSSION
The reversal potential of ABA-activated currents (Figs. 4 and   5 ) and current-mediated Ca2' elevations (Fig. 3) showed that Ca2+ ions as well as K+ ions were permeable to ABAactivated channels. Similar reversal potentials of ABAactivated currents were found when using other recording solutions, confirming the conclusion that ABA-induced elevations in [Ca2+]cy were mediated by Ca2+ influx through nonselective ion channels. repetitive manner during continuous ABA applications (Fig.  3 ). This repetitive activation pattern during continuous ABA application is unlike the activation of transmitter-receptor ion channels, when the receptor and the ion channel constitute one molecular entity. In general, such receptor-ion channel complexes in animal cells show activation followed by desensitization at high ligand concentrations. However, recovery of receptor-ion channel proteins from desensitization typically requires removal ofthe ligand from the external medium (28) (Fig. 3) , suggesting that Ca2' release from intracellular organelles may require hyperpolarization and/or Ca2' influx across the plasma membrane. Ca2+-induced Ca2' release from intracellular organelles, as found in animal cells (31) , could lead to additional elevation in [Ca2+]cy1 under these conditions. Our results deviate from the hypothesis that Ca2+ release from intracellular organelles is the initial mechanism of ABA-induced stomatal closing, which was derived from injection of synthetic caged inositol phosphates into guard cells (32, 33 (7) (8) (9) (10) (11) . This differential ABA response has been suggested as the basis for the physiologically observed regulation of photosynthetic carbon fixation by ABA (7) (8) (9) (10) (11) . The nonuniform occurrence of ABA-induced stomatal closure in leaves (7-11) may also be responsible for our findings that approximately one-third of the stomata in the epidermis of V. faba leaves closed after exposure to ABA and 37% of the guard cells studied by patch clamping responded to ABA. Physiological modification of the primary ABA signaling mechanisms may account for the observation of nonuniform closure of stomata by ABA. The correlation between physiological ABA responses in leaves (7) (8) (9) (10) (11) and results on ABA-activated Ca2"-permeable channels from the present study calls for further investigation to determine whether modification of initial events in ABAmediated signal transduction contribute to physiological effects of ABA on photosynthetic carbon fixation in leaves (7) (8) (9) (10) (11) . shown to inhibit inward rectifying K+ channels and to activate voltage-dependent anion channels (4). The resulting efflux of anions through anion-selective channels (15) could, in turn, depolarize guard cells sufficiently (4) to activate outward rectifying K+ channels (12, 17) . In addition ABAdependent enhancement of K+ currents has been reported (36) . Simultaneous activation of anion channels and K+ channels would permit ion efflux across the plasma membrane required for stomatal closing (4) (5) (6) .
Equivocal comparison of steady-state anion currents (15) with non-steady-state anion currents (4) has led to the suggestion that two types of anion channels prevail in the plasma membrane of guard cells with different voltage dependencies (15) . However, direct comparison of steady-state currents shows that the voltage dependencies of Ca2'-activated anion currents (4) and single-anion channel currents (15) are similar (37) . In the present study ABA-activated Ca2'-permeable currents could be investigated in the absence of anion channels due to the inactivation and wash-out of these voltagedependent anion channels (4, 37 
